Ultraviolet B (UV-B) radiation, a very small fraction of the daylight spectrum, elicits changes in plant secondary metabolism that have large effects on plant-insect interactions. The signal transduction pathways that mediate these specific effects of solar UV-B are not known. We examined the role of jasmonate signaling by measuring responses to UV-B in wild-type and transgenic jasmonate-deficient Nicotiana attenuata plants in which a lipoxygenase gene (NaLOX3) was silenced (as-lox). In wildtype plants, UV-B failed to elicit the accumulation of jasmonic acid (JA) or the bioactive JA-isoleucine conjugate but amplified the response of jasmonate-inducible genes, such as trypsin proteinase inhibitor (TPI), to wounding and methyl jasmonate, and increased the accumulation of several phenylpropanoid derivatives. Some of these phenolic responses (accumulation of caffeoyl-polyamine conjugates) were completely lacking in as-lox plants, whereas others (accumulation of rutin and chlorogenic acid) were similar in both genotypes. In open field conditions, as-lox plants received more insect damage than wild-type plants, as expected, but the dramatic increase in resistance to herbivory elicited by UV-B exposure, which was highly significant in wild-type plants, did not occur in as-lox plants. We conclude that solar UV-B (1) uses jasmonate-dependent and -independent pathways in the elicitation of phenolic compounds, and (2) increases sensitivity to jasmonates, leading to enhanced expression of wound-response genes (TPI). The lack of UV-B-induced antiherbivore protection in as-lox plants suggests that jasmonate signaling plays a central role in the mechanisms by which solar UV-B increases resistance to insect herbivores in the field.
Peak fluence rates of solar UV-B radiation at mid latitudes rarely exceed 2 mmol m 22 s 21 , which represents less than 0.5% of the total quantum flux density between 285 and 700 nm. This small fraction of solar radiation has multiple effects on plants, but none of these effects, except direct DNA damage by UV-B quanta (Britt, 2004) , has been unequivocally linked with the activation of a well-defined photoreceptor molecule. In an attempt to organize what is known about UV-B responses, researchers tend to define them as "UV-B specific" and "nonspecific." One limitation of this classification is that the definition of UV-B specific is not universal. Thus, certain authors consider that a response is UV-B specific when it is activated by signaling pathways that are not used by other environmental stressors, such as wounding or oxidative stress. This criterion is frequently used, for example, to distinguish UV-B responses elicited via the UV RESPONSE LOCUS8 (UVR8)-CONSTITUTIVELY PHOTOMOR-PHOGENIC1 (COP1) pathway in Arabidopsis (Arabidopsis thaliana; Brown et al., 2005; Brown and Jenkins, 2008; Favory et al., 2009) , because the UVR8-COP1 pathway is not engaged by common stressors and does not lead to the expression of "general stress markers" (i.e. genes controlled by stress-related hormones such as jasmonates and ethylene; Cloix and Jenkins, 2008; Jenkins, 2009 ). Other authors have used a photobiological criterion (Thomas and Dickinson, 1979) to define wavelength-specific responses. According to this criterion, UV-B responses would be considered specific only if their elicitation could be shown to result from the activity of a primary receptor with maximum sensitivity in the UV-B region. This definition is independent of the biochemical pathways that are actually used to generate the final response. Based on this second criterion, all the responses to solar UV-B detected under field conditions are commonly consid-ered as "photobiologically specific," because they cannot be explained by the activation of photoreceptors that lack a specific sensitivity peak in the narrow UV-B region (i.e. cryptochromes, phototropins, or phytochromes) . The signaling pathways that mediate these specific effects of solar UV-B are poorly understood, although it is generally accepted that multiple signaling circuits are likely to be activated to explain the diversity of UV-B responses under natural conditions (Caldwell et al., 2003 (Caldwell et al., , 2007 Stratmann, 2003; Jenkins, 2009) .
One of the strongest and best characterized effects of ambient UV-B in terrestrial ecosystems has been documented at the interface between plants and herbivorous insects (for reviews, see Ballaré et al., 2001; Caldwell et al., 2003; Bassman, 2004; Roberts and Paul, 2006) . Some of these effects are a consequence of the direct perception of UV-B radiation by insects, as demonstrated for soybean thrips by Mazza et al. (2002 Mazza et al. ( , 2010 . However, in a large number of studies involving bioassays with animals not directly exposed to solar radiation, indirect effects have been demonstrated (i.e. UV-B effects mediated by changes in the plant host). Thus, "choice" and "no-choice" bioassays with herbivorous insects have shown that ambient UV-B can produce changes in the plant that affect insect feeding (Ballaré et al., 1996; Rousseaux et al., 1998) and oviposition choices (Caputo et al., 2006) as well as larval performance (Bergvinson et al., 1994; Zavala et al., 2001; Izaguirre et al., 2003; Kuhlmann and Mü ller, 2009) .
The effects of UV-B on plant resistance to herbivory have been correlated with UV-B-induced variations in a number of tissue quality traits, including nitrogen content (Hatcher and Paul, 1994) , leaf phenolics (McCloud and Berenbaum, 1994; Rousseaux et al., 2004; Izaguirre et al., 2007; Kuhlmann and Mü ller, 2009 ), cyanogenic compounds (Lindroth et al., 2000) , and defense-related proteins such as proteinase inhibitors (Stratmann et al., 2000; Izaguirre et al., 2003; Stratmann, 2003) . Increased accumulation of phenolic compounds is one of the best characterized responses to UV-B radiation; these compounds contribute to filter out UV-B photons before they reach sensitive molecules in the mesophyll (Braun and Tevini, 1993; Landry et al., 1995; Reuber et al., 1996; Bilger et al., 1997; Barnes et al., 2000; Mazza et al., 2000) . Soluble phenolic compounds are often also induced in response to insect herbivory, and they are thought to play a role as direct antiherbivore defenses (Elliger et al., 1981; Stamp and Osier, 1998; Hoffland et al., 2000; Leitner et al., 2005; Izaguirre et al., 2006) . In fact, UV-B and insect herbivory may trigger partially overlapping phenolic responses in some species (Izaguirre et al., 2007) . This partial convergence in response has been also evidenced in studies that measured changes in the transcriptome elicited by herbivory/wounding treatments and exposure to UV-B radiation (Brosché et al., 2002; Izaguirre et al., 2003) . These observations have lent support to the idea that the effects of solar UV-B on plant-insect interactions may be mediated by stimulation of the defense signaling cascades that plants activate to defend themselves against herbivore attack (Izaguirre et al., 2003 (Izaguirre et al., , 2007 Stratmann, 2003; Caldwell et al., 2007) .
Defense responses against herbivorous insects are orchestrated by a group of lipid hormones collectively known as jasmonates (for reviews, see Wasternack, 2007; Howe and Jander, 2008; Browse, 2009 ). Jasmonates are rapidly induced in response to herbivory and regulate the expression of many defense-related genes (Reymond et al., 2000; De Vos et al., 2005) , eventually leading to the accumulation of toxic secondary metabolites like alkaloids, terpenoids, glucosinolates, phenylpropanoids, and defense-related proteins (for review, see Howe and Jander, 2008) .
Although significant advances have been made in the last few years in mapping the interactions between perception of light signals and regulation of specific hormonal cascades (de Lucas et al., 2008; Feng et al., 2008; Tao et al., 2008; Pierik et al., 2009; Sorin et al., 2009) , progress in this direction has been slow in the case of UV-B-induced responses. Jasmonates may mediate the effects of UV-B on plant defense, but the evidence for this hypothesis remains controversial. In tomato (Solanum lycopersicum), germicidal UV-C radiation or very high UV-B doses induce the expression of proteinase inhibitor genes, which are typical markers of jasmonate responses (Conconi et al., 1996; Stratmann et al., 2000) . UV-C photons are not present in the solar spectrum that reaches the earth's surface, and treatment of tomato plants with more physiologically relevant UV-A/UV-B wavelengths failed to induce proteinase inhibitor expression in nonwounded leaves (Stratmann et al., 2000) . However, these UV-A/UV-B treatments enhanced the proteinase inhibitor response induced by mechanical damage but without increasing jasmonic acid (JA) levels (Stratmann et al., 2000) . In contrast, in Arabidopsis, controlled-environment studies have shown that UV-B can trigger JA accumulation (A-H-Mackerness et al., 1999) . Unfortunately, in the Arabidopsis experiments, UV-B was delivered against a background of very low photosynthetically active radiation (PAR), which tends to exacerbate the damaging effects of UV-B radiation (Caldwell et al., 2003) . Field experiments indicated that the effects of ambient solar UV-B in reducing the tissue quality of Arabidopsis plants for diamond-back moth (Plutella xylostella) oviposition is lacking in the jar1 mutant (Caputo et al., 2006) . This mutant is deficient in the production of the JA-Ile conjugate (Staswick and Tiryaki, 2004) , the jasmonate form considered to be biologically active (Thines et al., 2007; Fonseca et al., 2009) . In Nicotiana longiflora, solar UV-B was reported to increase the expression of various genes involved in fatty acid and oxylipin metabolism and the accumulation of phenolic products that are sometimes induced by JA but not the expression of the trypsin proteinase inhibitor (TPI) gene in intact (nonwounded) plants (Izaguirre et al., 2003) .
The experiments described in this paper were designed to directly test the involvement of jasmonates in the defense responses elicited by solar UV-B radiation in Nicotiana attenuata. We compared the responses elicited by UV-B with those triggered by simulated herbivory in experiments involving wildtype plants and a transgenic line impaired in JA biosynthesis by antisense expression of a specific wound-and herbivory-induced lipoxygenase gene (NaLOX3 [as-lox]; Halitschke and Baldwin, 2003) . This as-lox line has been extensively tested in previous experiments, which demonstrated impaired jasmonate biosynthesis and reduced resistance to insect herbivory under field conditions (Halitschke and Baldwin, 2003; . Our results show that UV-B induces the accumulation of phenolic compounds using jasmonate-dependent (polyamine conjugates) and jasmonate-independent (flavonoids and chlorogenic acid) pathways. Furthermore, we found that UV-B increases the expression of some JAinducible defenses, such as TPI, by increasing tissue sensitivity to jasmonate without altering jasmonate production or activation. Analysis of the defense phenotype of as-lox plants in the field suggests that the jasmonate-dependent effects of solar UV-B play an important role in UV-B-induced resistance to insect herbivory.
RESULTS

UV-B and Simulated Herbivory Induce the Accumulation of Phenolic Compounds
In a glasshouse experiment, plants were grown under high PAR and exposed to UV-B doses equivalent to those received in Buenos Aires during the spring (5.5 kJ m 22 , biologically effective daily UV-B dose [BE-UV-B]) in factorial combination with a simulated herbivory treatment (see "Materials and Methods"). Wild-type plants responded to UV-B and simulated herbivory with the accumulation of methanol-extractable phenolic compounds ( Fig. 1 ; for a complete description of the ANOVA results, see Supplemental Table S1 ). Silenced as-lox plants had lower levels of soluble leaf phenolics compared with wildtype plants; accumulation of phenolic compounds was enhanced by UV-B but not by simulated herbivory (Fig. 1 , Supplemental Table S1 ). In a related field trial, where plants were grown under selective spectral filters, we indirectly estimated the accumulation of phenolic compounds using determinations of UV-B-excited chlorophyll fluorescence, which measures the transmittance of UV-B radiation through the epidermal tissue (Mazza et al., 2000) . We found that as-lox plants had higher epidermal transmittance to UV-B than wild-type plants (i.e. lower levels of UV-B-absorbing compounds) but were still able to respond to solar UV-B with the accumulation of protective phenolic sunscreens (Fig. 2) .
Some Effects of UV-B on the Accumulation of Phenolic Compounds Are LOX3 Dependent
We separated individual compounds by HPLC from methanolic extracts of glasshouse-grown plants exposed to a factorial combination of UV-B and simulated herbivory levels. We identified six prominent peaks in wild-type plants, which corresponded to free and polyamine-conjugated hydroxycinnamic acids and a flavonoid (Supplemental Fig. S1 ). These compounds could be divided in two groups, according to their pattern of response to UV-B and requirement for LOX3-dependent JA biosynthesis.
Group 1
Rutin (a flavonoid), chlorogenic acid, and a chlorogenic acid isomer (presumably cryptochlorogenic acid) were strongly induced by UV-B but not by simulated herbivory (except for the chlorogenic acid isomer, which was slightly induced in wild-type plants; Fig. 3 ; for complete ANOVA results, see Supplemental Table S3 ). These compounds were present, and their response to UV-B completely conserved, in as-lox plants (Fig. 3 ). This group of phenolics is likely responsible for the sunscreen response to UV-B detected in as-lox plants (Figs. 1 and 2).
Group 2
Polyamine-conjugated forms of caffeic acid (caffeoylputrescine, dicaffeoylspermidine, and a dicafeoylspermidine-related compound) were strongly induced by UV-B in wild-type plants, and the response UV, natural daylight supplemented with UV-B radiation; H, natural daylight plus simulated herbivory (wounds treated with S. frugiperda regurgitate); UVH, UV radiation plus simulated herbivory (for details, see "Materials and Methods"). Leaf samples were taken 72 h after the H treatment. Each bar represents the mean + SE (n = 6 individual plants). G, Genotype; WT, wild type. P values for significant interactions are shown (three-way ANOVA; for the full ANOVA table and Tukey comparisons for interaction terms, see Supplemental Table S1 ).
to UV-B was very similar to the response elicited by simulated herbivory (Fig. 3 ). Polyamine conjugates were missing in as-lox plants (Fig. 3) , which readily accumulated these compounds when they were supplied with exogenous methyl jasmonate (MeJA; Supplemental Fig. S1 ). Previous work has shown that JA signaling is required for the accumulation of caffeoylputrescine in response to simulated herbivory in N. attenuata (Paschold et al., 2007) ; our data indicate that the effect of UV-B on the accumulation of this group of phenolic conjugates has a similar jasmonate requirement. This group of phenolic compounds was most likely responsible for the differences in UV absorbance and epidermal UV transmittance detected between wild-type and as-lox plants (Figs. 1 and 2).
UV-B Increases the Expression of Herbivore-Induced Protein Defenses
Given that LOX3-dependent JA biosynthesis was required for the effects of UV-B on the accumulation of some putative phenolic defenses, we wanted to investigate the effects of natural doses of UV-B on the expression of protein-based defenses. TPIs are important direct defenses in N. attenuata and are reliable markers of activation of the jasmonate pathway . We found that TPI gene expression was induced by simulated herbivory ( Fig. 4) , as has been found in previous studies (Horn et al., 2005; Wu et al., 2006) . In agreement with the expected jasmonate requirement, TPI transcript levels were strongly reduced in as-lox plants. UV-B per se did not significantly induce TPI gene expression. Interestingly, however, UV-B significantly enhanced the TPI expression response of wild-type plants to the simulated herbivory treatment (Fig. 4 ). The pattern of TPI gene expression was in sharp contrast with that detected for chalcone synthase, a key enzyme in the biosynthesis of flavonoids, which was upregulated by UV-B in both genotypes and not affected or slightly down-regulated by simulated herbivory (Supplemental Fig. S2 ).
UV-B Does Not Increase Jasmonate Accumulation
The effects of UV-B triggering the accumulation of phenolic compounds of group 2 (i.e. those that respond to both UV-B and herbivory and do not accumulate in as-lox plants; Fig. 3 ) and enhancing the herbivore-induced expression of TPI in wild-type plants ( Fig. 4 ) may suggest that UV-B up-regulates JA biosynthesis or the production of bioactive JA conjugates. However, direct measurements of jasmonate contents indicated that this was not the case. Wild-type plants responded to simulated herbivory with the expected increase in the accumulation of several jasmonates, including 12-oxo-phytodienoic acid (OPDA), JA, and the JA-Ile conjugate, but jasmonate accumulation was not affected by UV-B treatment ( Fig. 5 ; for hydroxylated derivates, see Supplemental Fig. S3 ).
UV-B Exposure Increases Jasmonate Sensitivity
Since jasmonate accumulation was not affected by UV-B, we hypothesized that the effects of UV-B on TPI expression in wild-type plants could be mediated by an increase in sensitivity to jasmonates. We tested this hypothesis with exogenous applications of MeJA. Jasmonate treatment increased TPI expression in a dose-dependent manner, and there was a highly significant effect of UV-B increasing transcript levels in Figure 2 . Effects of solar UV-B on RF UV , which is used as an indicator of epidermal transmittance to UV radiation. Plants were grown in the field under near-ambient (UV) or attenuated (C) UV-B radiation using stretch or clear polyester filters, respectively. Each bar represents the mean + SE (n = 5; each biological replicate is a pool of three individual plants). G, Genotype; WT, wild type. P values for the relevant terms are shown (two-way ANOVA; for the full ANOVA MeJA-treated plants (Fig. 6 ). These results indicate that UV-B increases plant sensitivity to jasmonates.
Functional Significance
UV-B Protection
In a glasshouse experiment with supplemental UV-B radiation, plants of the as-lox line were more susceptible to high UV-B doses than wild-type plants (Supplemental Fig. S4 ). This observation suggests that the phenolic compounds that are lacking in as-lox plants (group 2; Fig. 3 ) and the associated differences in UV-B screening (Figs. 1 and 2) or some other JAdependent defense trait not measured in these experiments are functionally significant in UV-B protection. The daily UV-B dose in this experiment (BE-UV-B = 20 kJ m 22 ) was deliberately chosen to induce visible symptoms of leaf damage (such as glazing and leaf curling) in as-lox plants under glasshouse conditions; the impacts of UV-B on as-lox plant morphology were less pronounced in field trials with natural UV-B (data not shown), suggesting that other protective mechanisms may be activated under field conditions that partially compensate for the deficiency in jasmonatedependent acclimation responses.
Antiherbivore Defense
In a field trial, wild-type and as-lox plants were exposed to natural herbivory, which was predominantly caused by two species of thrips (Thrips tabaci and Frankliniella spp.; Thysanoptera: Thripidae). Silenced as-lox plants had more insect damage than wild-type plants (Fig. 7) , confirming the critical role of jasmonates in defense activation against a wide spectrum of herbivores, including thrips (Abe et al., 2009). Solar UV-B reduced herbivore damage in wild-type plants, as expected on the basis of previous field experiments involving thrips (Mazza et al., 1999) and herbivory bioassays using N. attenuata plants (Izaguirre et al., 2003) . Importantly, in our experiment, the strong UV-B effect of suppressing insect herbivory was Table S3 ).
completely lacking in as-lox plants (Fig. 7) . This result demonstrates that those effects of ambient UV-B on plant defense that require LOX3-dependent jasmonate biosynthesis are significant for antiherbivore protection.
DISCUSSION
This study revealed that ecologically meaningful doses of UV-B radiation affect the expression of functionally important plant defenses in N. attenuata through jasmonate-dependent and -independent mechanisms (Fig. 8 ). The jasmonate dependence was established by comparing UV-B responses between wild-type plants and plants silenced in the LOX3 gene, which are deficient in the production of jasmonates (Halitschke and Baldwin, 2003) . The responses investigated were those that previous work had identified as potentially important for the effects of UV-B on antiherbivore defense (Izaguirre et al., 2003 (Izaguirre et al., , 2007 . Discussed separately below are the interactions between UV-B and jasmonate signaling for induction of (1) flavonoids and chlorogenic acid, (2) polyamine conjugates, and (3) TPI gene expression.
Flavonoids and Chlorogenic Acid
The accumulation of colorless flavonoids is a typical response to UV-B irradiation (Ballaré et al., 1995; Lavola et al., 1998; Ryan et al., 1998; Wilson et al., 1998; Olsson et al., 1999; De La Rosa et al., 2001; Hofmann et al., 2003; Tegelberg et al., 2004; Izaguirre et al., 2007; Kuhlmann and Mü ller, 2009) , and our study clearly demonstrates that accumulation of these compounds in response to ambient doses of UV-B does not require jasmonate signaling (Fig. 3) . This finding is consistent with previous studies in N. attenuata in which rutin accumulation was not induced by jasmonate treatment (Keinänen et al., 2001; Lou and Baldwin, 2003) or insect herbivory Figure 4 . Effects of UV-B and simulated herbivory on TPI gene expression in N. attenuata plants grown in the glasshouse. The experimental treatments resulted from a factorial combination of UV-B and simulated herbivory: C, natural daylight; UV, natural daylight supplemented with UV-B radiation; H, natural daylight plus simulated herbivory (wounds treated with S. frugiperda regurgitate); UVH, UV radiation plus simulated herbivory (for details, see "Materials and Methods"). TPI gene expression was measured by qPCR 24 h after the H treatment. Each bar represents the mean + SE (n = 3; each biological replicate is a pool of three individual plants). WT, Wild type. The P value for the UV 3 H interaction term is indicated. Different letters indicate significant differences between means (P , 0.05, Tukey test). For the full ANOVA results and Tukey comparisons, see Supplemental Table S4 . Figure 5 . Effects of UV-B and simulated herbivory on jasmonate accumulation in N. attenuata plants grown in the glasshouse. The experimental treatments resulted from a factorial combination of UV-B and simulated herbivory: C, natural daylight; UV, natural daylight supplemented with UV-B radiation; H, natural daylight plus simulated herbivory (wounds treated with S. frugiperda regurgitate); UVH, UV radiation plus simulated herbivory (for details, see "Materials and Methods"). Samples for jasmonate determinations were obtained 1 and 2 h after the H treatment. Each bar represents the mean + SE (n = 3; each biological replicate is a pool of 10 individual plants). P values for the relevant terms of the model are shown (for the full ANOVA results, see Supplemental Table S5 ). Izaguirre et al., 2007; Wu et al., 2008) . Flavonoid accumulation is likely limited by chalcone synthase activity (Strid et al., 1994) , and CHS gene expression has been shown to be induced by UV-B through the UVR8-COP1 pathway in Arabidopsis, which is generally thought to be independent of jasmonate signaling (Brown et al., 2005) . Rutin plays an important role in UV-B screening and accounts for a significant fraction of the increase in UV-B absorbance of the leaf extracts of plants exposed to UV-B (data not shown). Rutin may also have antiherbivore functions (Elliger et al., 1981; Stamp and Yang, 1996; Hoffland et al., 2000; Hoffmann-Campo et al., 2001) . Chlorogenic acid in our experiment was also induced by UV-B but not (or only slightly) induced by simulated herbivory (Fig. 3) . The apparent lack of effect of simulated herbivory is in contrast to some previous observations (Kranthi et al., 2003; Izaguirre et al., 2007) but agrees with results of other studies (Steppuhn et al., 2004; Wu et al., 2008) . We speculate that the variation in the chlorogenic acid response to simulated herbivory may be related to differences in the induction protocol (e.g. Spodoptera frugiperda versus Manduca sexta oral secretions), which may influence the level of polyphenol oxidase (PPO) induction in the treated leaves, as chlorogenic acid is the preferred substrate of this enzyme (Li and Steffens, 2002 ; but see Keinänen et al., 2001) . Chlorogenic acid and feruloyl quinic acid can be important resistance factors against thrips (Leiss et al., 2009) . In our experiments, chlorogenic acid was induced by UV-B both in wild-type and as-lox lines (Fig. 3) , but UV-B-increased resistance against thrips was only observed in wild-type plants (Fig. 7) . Because the biological effect of chlorogenic acid depends on its transformation to reactive quinones by plant PPOs and PPO gene expression was very low in the as-lox line (and increased by UV-B in wild-type plants; data not shown), we hypothesize that reduced PPO activity could be another factor contributing to the loss of UV-B-induced antiherbivore resistance in as-lox plants (Fig. 7) .
Polyamine Conjugates
Polyamine conjugates in wild-type plants were clearly induced by both UV-B and simulated herbivory ( Fig. 3) , in agreement with previous observations (Izaguirre et al., 2007; Paschold et al., 2007) . The results with the as-lox line indicate that jasmonate signaling is required not only for the accumulation of these conjugates in response to herbivory, as shown previously (Paschold et al., 2007) , but also for the response to ambient doses of UV-B radiation. In Nicotiana tabacum BY2 cell cultures, MeJA promoted the synthesis of several phenylpropanoid conjugates, including polyamine adducts, and this effect was mediated through a MeJA-inducible MYB-type transcription factor (NtMYBBJS1; Gális et al., 2006) . In N. attenuata, a MYB gene was reported to be induced after plant Figure 6 . Effects of UV-B on plant sensitivity to jasmonate. The experimental treatments resulted from a factorial combination of UV-B and MeJA applications: C, natural daylight; UV, natural daylight supplemented with UV-B radiation (for details, see "Materials and Methods"). Samples for qPCR analysis were obtained 24 h after MeJA application. Expression data are normalized to the expression level detected in the control 3 0 mM MeJA combination. Thin bars indicate 61 SE (n = 3; each biological replicate is a pool of three individual plants). The P value for the UV 3 MeJA interaction is indicated (for the full ANOVA results, see Supplemental Table S6 ). Figure 7 . UV-B exposure in the field reduces natural herbivory in wildtype plants but not in as-lox plants. Plants were grown in the field under near-ambient (UV) or attenuated (C) UV-B radiation using stretch or clear polyester filters, respectively. Leaf damage in the field was predominantly caused by thrips (T. tabaci and Frankliniella spp.) and is expressed as a percentage of total leaf area. Each bar represents the mean + SE (n = 4 independent blocks of three plants each). WT, Wild type. Different letters indicate significant differences between means (P , 0.05, Tukey test). For the full ANOVA results and Tukey comparisons, see Supplemental Table S7 .
exposure to natural UV-B in the field, but this MYB was related to rutin and chlorogenic acid accumulation (Pandey and Baldwin, 2008) . Natural doses of UV-B do not induce jasmonate accumulation in N. attenuata (Fig. 5) , and UV-B induces polyamine conjugates in wild-type but not in as-lox plants (Fig. 3) . Therefore, we speculate that basal levels of jasmonate are somehow necessary to generate the biosynthetic competence or the precursors for conjugate biosynthesis and that UV-B only acts by increasing the sensitivity to jasmonate, as shown for TPI gene expression ( Fig. 6 ), or on a later step in the biosynthesis of the conjugates (Fig. 8) . The functional roles of these UV-B-and herbivory-induced caffeoyl-polyamine conjugates are not known, but they are likely to contribute to UV-B screening, as deduced from the differences in UV-B absorbance (Fig.  1) and epidermal transmittance (Fig. 2) between wildtype and as-lox plants. Polyamines and their conjugates have been implicated in MeJA-induced systemic resistance against plant pathogens (Walters, 2003) and resistance to abiotic stress (Walters, 2000; Edreva et al., 2007) . Plants damaged by herbivore attack may benefit from the expression of MeJA-induced systemic resistance, as wounds are a primary site of pathogen penetration to plant tissue.
Proteinase Inhibitors
UV-B up-regulated the expression of TPI, but only in plants where the jasmonate cascade was activated by herbivory ( Fig. 4) or MeJA treatment (Fig. 6 ). These observations are in contrast with the results of experiments using germicidal UV-C or unbalanced UV-B doses (Conconi et al., 1996; Stratmann et al., 2000) , where a strong direct effect of the radiation treatments on proteinase inhibitors was observed, but are generally consistent with the results of studies that used UV-B/UV-A mixtures (Stratmann et al., 2000) or ambient doses of UV-B radiation (Izaguirre et al., 2003) , which have shown modest or negligible direct responses to UV-B. Since TPI is a typical marker of jasmonate response, the lack of a direct effect of UV-B on TPI expression in our experiments is consistent with the observation that UV-B by itself failed to activate JA-Ile accumulation (Fig. 5 ). Our MeJA dose-response experiment demonstrates that natural UV-B levels increase jasmonate sensitivity (Fig. 6 ), which provides a potential mechanistic explanation for the enhanced expression of TPI in the plants induced by simulated herbivory (Fig. 4) . This enhanced expression of TPI, mediated by increased sensitivity to jasmonates, is likely to play a significant role in the mechanism that explains the increased resistance to herbivory in plants exposed to solar UV-B, an effect that is missing in as-lox plants (Fig. 7) .
Implications for Modulation of Plant Defense by Canopy Light Signals
Effects of light quality on plant sensitivity to jasmonates have been recently reported (Moreno et al., 2009) and may be important to adjust the extent of the defense response that the plant activates to cope with herbivory as a function of the energy demands placed by other biotic stressors (Ballaré, 2009 ). Far-red radiation (FR), a light signal used by plants to detect the proximity of neighbors, down-regulates jasmonate sensitivity, presumably to conserve resources that the plant Figure 8 . Model of the proposed interaction between UV-B and jasmonate signaling in the induction of plant defenses. UV-B induces accumulation of flavonoids through a mechanism that does not require jasmonate synthesis and is not activated in response to herbivory or jasmonate treatment. In contrast, UV-B induces the accumulation of polyamine (PA) adducts via a mechanism that is completely dependent on LOX3 activity and is also activated by MeJA. UV-B does not promote TPI gene expression, which is induced by jasmonate and herbivory, but greatly enhances the response to herbivory by increasing plant sensitivity to jasmonate. The jasmonate-dependent effects of solar UV-B on plant defense are functionally significant, determining the antiherbivore effects of UV-B radiation in the field. Solid arrows indicate synthesis or transformation, and dotted arrows indicate controls. TF, Transcription factors. will need to invest in growth responses associated with competition (Cipollini, 2004; McGuire and Agrawal, 2005; Izaguirre et al., 2006; Moreno et al., 2009 ). Based on our results showing that, in contrast with FR, UV-B enhances jasmonate sensitivity, we speculate that UV-B acts as a canopy signal that conveys the opposite information to that conveyed by FR (i.e. a signal of abundant light and, therefore, no limitation to the investment of resources in antiherbivore defense).
CONCLUSION
Some effects of UV-B on plant defense in N. attenuata require LOX3-dependent jasmonate biosynthesis, while others do not. Solar UV-B does not affect jasmonate accumulation in N. attenuata but increases jasmonate sensitivity, presumably via regulation of the expression or stability of some of the downstream components involved in jasmonate signaling. Furthermore, the defense phenotypes of as-lox plants under UV-B, along with the results of field experiments in the Arabidopsis/Plutella system (Caputo et al., 2006) , suggest that those effects of UV-B radiation that require jasmonate signaling play a central role in the mechanisms whereby solar UV-B increases plant resistance to herbivorous insects.
MATERIALS AND METHODS
Plant Material
Nicotiana attenuata seeds were germinated as described by Krugel et al. (2002) . Wild-type and as-lox (A300-1) lines were those described by Halitschke and Baldwin (2003) . After germination, plants were grown under glasshouse conditions between spring and summer for 3 weeks in individual pots (0.25 L) with a perlite:soil (1:1) mixture and watered every 2 d with Hakaphos Rojo solution 18-18-18 (Compo). Peak levels of PAR were between 800 and 1,000 mmol m 22 s 21 . Rosette plants of similar age and size (typically 3 to 4 weeks old with seven to 10 mature leaves) were selected for glasshouse experiments and randomly assigned to the treatments. For the field experiment, plants were grown in the glasshouse in 0.5-L individual pots for 3 weeks before being transferred to the field in the spring and summer of 2008.
Glasshouse Experiments
The experimental setup under glasshouse conditions was similar to that described by Izaguirre et al. (2007) . UV-B radiation was provided by fluorescent lamps (UV313; Q-Panel). Radiation from the lamps was filtered through clear cellulose diacetate film (simulated ambient UV-B) or polyester film (no UV-B). Plants were irradiated for 6 h each day, with the irradiation period centered at solar noon; plants were randomly rotated within the irradiation area every 2 d to minimize position effects. The BE-UV-B in all the elicitation experiments was 5.5 kJ m 22 (calculated using the plant action spectrum normalized at 300 nm; Caldwell, 1971) . The unweighted irradiance integrated between 290 and 315 nm was 1.1 mmol m 22 s 21 . Plants were randomly assigned to the various elicitation treatments (MeJA or simulated herbivory) after 10 to 11 d of irradiation. For acute UV-B exposure experiments (Supplemental Fig. S4) , the BE-UV-B was 20 kJ m 22 (approximately 4 mmol m 22 s 21 UV-B).
Simulated Herbivory and MeJA Treatments
For simulated herbivory treatments, the two youngest fully expanded leaves were damaged longitudinally at both sides of the midvein with a razor blade. The wounds were treated with 10 mL of an aqueous dilution of Spodoptera frugiperda oral secretion (1:5, v/v). Undisturbed leaves of equivalent nodal positions from independent plants were used as controls. For MeJA treatments, plants were sprayed with 1 mL of distilled water or aqueous solutions of MeJA (Sigma-Aldrich).
UV-B Effects on Natural Herbivory under Field Conditions
The experiment was carried out during the summer at the experimental field site of Instituto de Investigaciones Fisiológicas y Ecológicas vinculadas a la Agricultura in Buenos Aires. The experiment consisted of a randomized block design with four replicates. In each block, two light treatments were represented: attenuated UV-B (daily BE-UV-B approximately 0 kJ m 22 ) and near-ambient UV-B (daily BE-UV-B approximately 8 kJ m 22 ). UV-B attenuation was obtained by covering the plots with clear polyester (which filtered out more than 90% of ambient UV-B); near-ambient UV-B was obtained by covering the plots with clear stretch film (more than 80% transmittance in the solar UV region; Mazza et al., 2002) . Wild-type and as-lox plants grown in the glasshouse as described were transferred to the experimental plots and randomly assigned to the light treatments. Four days after transfer to the experimental plots, and every 2 d after, plants were inspected for signs of herbivore damage. Once plants terminated the vegetative phase, all leaves were collected and scanned with a HP Scanjett 4500c (Hewlett-Packard). Total leaf area and damaged areas were measured using Adobe Photoshop software (version 7.0; Adobe Systems).
Measurement of Jasmonates
Leaves of plants from glasshouse experiments were collected at various time points after simulated herbivory treatment and immediately frozen in liquid N 2 . About 250 mg of freeze-dried material without the midvein was used for analysis. Plant material was homogenized with 10 mL of methanol and 50 ng of [ 2 H 6 ]JA, 50 ng of [ 2 H 5 ]OPDA, and 50 ng of [ 2 H 3 ]JA-Ile as internal standards. The methanolic extracts were prepurified by chromatographic steps (Andrade et al., 2005) .
HPLC was used to separate JA, OPDA, and JA-Ile. An Alliance 2695 separation module (Waters) equipped with a 100-mm 3 2.1-mm, 3-mm Restek C 18 column (Restek) was used to maintain performance of the analytical column. Fractions were separated using a gradient of increasing methanol concentrations, constant glacial acetic acid concentration of 0.2% (v/v) in water, and initial flow rate of 0.2 mL min 21 . The gradient was increased linearly from 40% (v/v) methanol-60% (v/v) water-acetic acid at 25 min to 80% (v/v) methanol-20% (v/v) water-acetic acid. After 1 min, initial conditions were restored and the system was allowed to equilibrate for 10 min. Mass spectrometry analysis was performed on a quadruple tandem mass spectrometer (Quattro Ultima; Micromass) fitted with an electrospray ion source (electrospray-ion negative mode). A mixture containing all unlabeled compounds and internal standards was separated by HPLC and analyzed by tandem mass spectrometry with single-ion recording to determine retention times for all compounds. The spectrometer software MassLynx version 4.1 (Micromass) was used. Analysis of the compounds was based on appropriate multiple reaction monitoring of ion pairs for labeled and endogenous JA, OPDA, and JA-Ile using the following mass transitions: [ 2 H 6 ]JA, 215 . 59; JA, 209 . 59; [ 2 H 5 ]OPDA, 298 . 230; OPDA, 293 . 225; [ 2 H 3 ]JA-Ile, 326 . 131; JA-Ile, 323 . 128, with retention times of 15, 18, and 22 min for JA, OPDA, and JA-Ile, respectively. The optimized conditions were as follows: collision energy used was 5 eV for all compounds, cone voltage was 35 V, ion spray voltage energy was 3.25 kV, desolvation temperature was 350°C, and source temperature was 120°C. Response was calculated as product ion peak area 3 (IS concentration/IS product ion peak area), where IS concentration is the known amount of the internal standard added.
Leaf Phenolics, HPLC Analysis, and Determination of Phenolic Sunscreens
For determination of total soluble leaf phenolics, leaf samples (one 1-cm diameter leaf disc; youngest fully expanded leaves) were placed in 1.4 mL of a methanol:HCl solution (99:1, v/v) and allowed to extract for 48 h at 220°C (Mazza et al., 2000) . Absorbance of extracts was read in a spectrophotometer (UV-1700 series; Shimadzu). The remaining leaf tissue was freeze dried and stored in a container with silica gel until HPLC analysis.
Individual leaf phenolics were determined as described by Keinänen et al. (2001) with slight modifications. Briefly, about 10 to 15 mg of freeze-dried tissue without the midvein was ground in a mortar and transferred to an Eppendorf with 1.5 mL of a methanol:0.25% acetic acid mixture (2:3, v/v). Samples were vortexed for 45 s and centrifuged at 12,000 rpm for 20 min. The supernatant was filtered through a 45-mm syringe filter and kept at 220°C until use. Phenolics were separated by HPLC (Knauer Euroline) on a Restek Pinnacle II C18 (5.0 mm, 4.6 3 150 mm) column with solvents A (0.25% aqueous H 3 PO 4 ) and B (acetonitrile), eluted with a gradient of 8% B at 0 min, 12% B at 6 min, 20% B at 10 min, 50% B at 23 min to 30 min, with an equilibration time of 10 min and a flow rate of 1 mL min 21 . The injection volume was 20 mL, and elution was monitored with a diode array detector at 230, 305, and 320 nm. The retention times and UV-visible spectra of chlorogenic acid and rutin were compared with those of true standards, and amounts were calculated on the basis of a calibration curve. Caffeoyl-polyamine conjugates were quantified as chlorogenic acid equivalents. Solvents used for determinations of leaf phenolics were purchased from Sintorgan. True standards used in HPLC analysis were from Sigma-Aldrich.
The accumulation of phenolic sunscreens in leaf tissue was estimated indirectly by measuring UV-induced chlorophyll fluorescence (RF UV ) essentially as described by Mazza et al. (2000) .
RNA Isolation and Real-Time PCR
Total RNA was extracted from 100 mg of frozen tissue using the LiClphenol/chloroform method as described by Izaguirre et al. (2003) . Purified fractions of total RNA were subjected to RQ1 (RNase-free) DNase treatment (Promega) to avoid contamination with genomic DNA. For cDNA synthesis, fractions of 1 mg of RNA were reverse transcribed using oligo(dT) as primer and Moloney murine leukemia virus reverse transcriptase (Invitrogen) according to the manufacturer's instructions. The obtained cDNA samples were diluted 1:10 before use. Quantitative real-time PCR (qPCR) was performed in a 7500 Real Time PCR System (Applied Biosystems) following the manufacturer's standard method for absolute quantification using Fast-Start Universal SYBR Green Master Mix (Roche Applied Science) and primers at a final concentration of 500 nM. Primer pairs are listed in Supplemental  Table S1 . N. attenuata ACTIN gene was used to normalize for differences in concentrations of cDNA samples. Normalized gene expression levels were expressed as fold change relative to the control treatment.
Statistical Analyses
Statistical analyses were carried out using INFOSTAT software (professional version 1.1). Data on soluble phenolic compounds were analyzed using a three-way ANOVA with UV-B, simulated herbivory, and genotype as factors, except for polyamines, where only wild-type plants were analyzed using a two-way ANOVA. Data on jasmonate accumulation were analyzed using a three-way ANOVA with UV-B, simulated herbivory, and time as factors. For gene expression analyses, CHS was analyzed using a three-way ANOVA, whereas TPI gene expression data were analyzed only for wild-type plants using a two-way ANOVA. Data from the field experiments (RF UV and herbivory) were analyzed using a two-way ANOVA following a randomized block design. When interaction terms were significant, differences between means were analyzed using Tukey comparisons. Full ANOVA tables and mean comparisons are presented in the Supplemental Data. Appropriate transformations of the primary data were used when needed to meet the assumptions of the analysis.
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1 . HPLC profiles of methanolic leaf extracts obtained from glasshouse-grown wild-type and as-lox N. attenuata plants exposed to control conditions, simulated herbivory, UV-B radiation, or MeJA.
Supplemental Figure S2 . Effect of UV-B and simulated herbivory on CHS gene expression in N. attenuata plants grown in the glasshouse.
Supplemental Figure S3 . Effect of UV-B and simulated herbivory on accumulation of hydroxylated jasmonates.
Supplemental Figure S4 . Effect of high UV-B doses on leaf morphology in wild-type and as-lox plants. Supplemental Table S1 . ANOVA results for methanol-extractable phenolic compounds. Supplemental Table S2 . ANOVA results for leaf epidermal transmittance. Supplemental Table S3 . ANOVA results for individual phenolic compounds.
Supplemental Table S4 . ANOVA results for TPI gene expression responses to UV-B and simulated herbivory. Supplemental Table S5 . ANOVA results for JA, JA-Ile, and OPDA.
Supplemental Table S6 . ANOVA results for TPI gene expression responses to UV-B and MeJA.
Supplemental Table S7 . ANOVA results for UV-B effects on natural herbivory. Supplemental Table S8 . ANOVA results for CHS gene expression responses to UV-B and simulated herbivory.
Supplemental Table S9 . ANOVA results for hydroxylated derivatives of jasmonate.
Supplemental Table S10 . Primer sequences used for qPCR assays.
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